CREB-responsive transcription has an important role in adaptive responses in all cells and tissue. In the nervous system, it has an essential and well established role in long-term memory formation throughout a diverse set of organisms. Activation of this transcription factor correlates with long-term memory formation and disruption of its activity interferes with this process. Most convincingly, augmenting CREB activity in a number of different systems enhances memory formation. In Drosophila, a sequence rearrangement in the original transgene used to enhance memory formation has been a source of confusion. This rearrangement prematurely terminates translation of the full-length protein, leaving the identity of the "enhancing molecule" unclear. In this report, we show that a naturally occurring, downstream, in-frame initiation codon is used to make a dCREB2 protein off of both transgenic and chromosomal substrates. This protein is a transcriptional activator and is responsible for memory enhancement. A number of parameters can affect enhancement, including the short-lived activity of the activator protein, and the time-of-day when induction and behavioral training occur. Our results reaffirm that overexpression of a dCREB2 activator can enhance memory formation and illustrate the complexity of this behavioral enhancement.
Introduction
The cAMP signaling pathway, which includes protein kinase A and the transcription factor cAMP-response element-binding (CREB) protein, is found in all cell types. CREB binds to the cAMP-response element (CRE) sequence and stimulates transcription. In the nervous system, CREB mediates systemic and cellular responses to a diverse set of physiological stimuli, including stress, metabolism, drugs of abuse, circadian rhythms, and learning and memory (Shaywitz and Greenberg, 1999; Lonze and Ginty, 2002; Alberini, 2009) . It is unclear how such a commonly recruited pathway results in specific physiological responses. One possibility is that the pathway is used broadly to mediate change from a previously established baseline. This role in "adaptive change" is consistent with the pathway responding to many different and diverse signals (Tao et al., 1998) .
Many experimental approaches have been used to show the involvement of the CREB family of transcription factors in longterm memory (LTM) formation (Izquierdo et al., 2002; Josselyn and Nguyen, 2005; Miyamoto, 2006) . Correlative experiments have shown the activity-dependent phosphorylation and activation of this family of transcription factors (Impey et al., 1998; Schulz et al., 1999; Ahmed and Frey, 2005; Leutgeb et al., 2005; Alzoubi and Alkadhi, 2007; Hotte et al., 2007) . "Loss-offunction" experiments have disrupted protein activity, resulting in a parallel interference with the formation of LTM (Dash et al., 1990; Yin et al., 1994; Guzowski and McGaugh, 1997; Lamprecht et al., 1997; Josselyn et al., 2001; Kida et al., 2002; Bozon et al., 2003; Zhang et al., 2003; Josselyn et al., 2004; Brightwell et al., 2005; Warburton et al., 2005; Mouravlev et al., 2006) . Most remarkably, "gain-of-function" experiments have augmented gene activity and resulted in enhancement of memory formation and plasticity (Yin et al., 1995a; Davis et al., 1996; Bartsch et al., 1998; Josselyn et al., 2001; Jasnow et al., 2005; Wagatsuma et al., 2006; Brightwell et al., 2007; . It is striking that a transcription factor, implicated in the regulation of hundreds of genes, and capable of responding to a wide variety of signals, can enhance such an apparently specific process as memory formation.
In our original Drosophila papers, a dCREB2-encoded protein was shown to be a CRE-binding, PKA-dependent transcriptional activator, and when induced in transgenic flies, was able to enhance the process of LTM formation (Yin et al., 1995a,b; Yin and Tully, 1996) . Perazzona et al. (2004) reported a sequence rearrangement in the transgene and the inability to reproduce behavioral enhancement. For many years, our goals have been to determine the biological product that is able to enhance memory formation, and to understand why behavioral enhancement is not consistent.
In this report, we identify the transgenic protein responsible for behavioral enhancement, and some factors that can contribute to enhancement of olfactory avoidance. We also demonstrate transgenic enhancement of conditioned courtship suppression. Our data support a model where multiple factors influence memory enhancement and provides tools to identify some of the unknown ones.
Materials and Methods
DNA constructs, transgenic flies. The experiments in this report rely upon a number of different dCREB2 open reading frames (ORFs) that are expressed in vitro, in transfected cells, or in transgenic flies, and they are shown in Figure 1A . Standard recombinant DNA procedures were used to move these different ORFs between plasmid vectors. The diagram that is labeled "Genomic" shows the exon/intron organization of the dCREB2 locus. Exons are boxed and numbered, while introns are indicated with horizontal lines that connect the boxes. Noncoding exons (shaded boxes) are not shown in detail. 792 [originally named dCREB2-a in the study by Yin et al. (1995b) ; identified as NM206784 in the Fly Genome Sequencing Project; also known as CG6103-RE in Flybase] is a cDNA that results from the splicing of exons 1-7, and is predicted to make a 330 aa protein whose translation initiates at the first start codon designated ATG1. This ORF, and the protein that it makes, whether in vitro, in cells, or in transgenic flies, will be referred to as 792. This is the cDNA that we intended to express in our original studies of the dCREB2 activator, whether transfected into cells or used to make transgenic flies (Yin et al., 1995a,b) .
The 572 ORF is identical to 792 except that it contains a sequence rearrangement early in exon 1 (indicated with an asterisk), and a subsequent translation termination codon (at the site denoted STOP 572 ). This rearranged coding region is referred to as 572, whether it is used for in vitro experiments, is transfected into cells, or is used to make transgenic flies. This construct is the one that was used in previous publications (Yin et al., 1995a,b) and is the source of the confusion (Perazzona et al., 2004) . Inspection of the sequence of the 572 and 792 ORFs revealed the presence of ATG2, a downstream, in-frame methionine codon shown in Figure  1A . Translation could potentially initiate, or reinitiate at ATG2, downstream of the 572 rearrangement and resulting STOP 572 . The 807 ORF contains 65 nt upstream of the ATG2 codon, and the rest of the dCREB2-a ORF. The 5Ј end of the ORF was made using a nearby AvaI site, which was cut, treated with mung bean nuclease, and blunt-end ligated to a blunt end site on a cloning vector. These different ORFs will be referred to as 572, 792, or 807 whether they are expressed in vitro, in transfected cells, or in transgenic flies.
For the in vitro translation reactions, site-directed mutagenesis of the ORFs was performed in pKSϩ using Quikchange (Stratagene) to change Exons 1-7 of the dCREB2 locus are boxed, and the ATG1, ATG2, and TAA (stop) codons are shown. 792 is the previously identified dCREB2-a isoform. 572 is identical to 792 except it contains a frameshift mutation (*) that results in a premature translational stop within exon 1 (572 STOP ), indicated by an arrowhead. The 807 ORF initiates from the ATG2 located within exon 3. The epitopes of the various antibodies are indicated. B, ATG1 and ATG2 are used to initiate translation in rabbit reticulocyte lysates. Equivalent amounts of RNA transcripts (bottom) are used to program reticulocyte lysates. Translation products are labeled with 35 S-Met and resolved by SDS PAGE. ⌬ATG1, ⌬ATG2, or ⌬ATG1/ATG2 indicate base substitutions from ATG to ATT. C, ATG1 and ATG2 are used in transiently transfected cells. Equal amounts of plasmid DNA encoding various ORFs fused to a FLAG epitope are transfected into S2 cells, allowed to express, and equivalent amounts of cell lysate are analyzed using Western blots probed with an ␣FLAG-specific antibody. D, Induction of the 572 and 807 transgenes make a protein with an apparent mobility of 28 kD. Head extracts from heat-shock-induced (ϩ), or not (Ϫ), wild type (WT), 807 or 572 flies analyzed using Western blots probed with the ATG2 antibody (top two panels) or the 657 antibody (bottom panel). The top panel is a short exposure, while the middle panel shows the region around 28 kD upon a longer exposure. The bottom panel shows a window that was stripped and reprobed with the 657 antibody.
ATG start codons to AUU, sequenced, and named: pJY2715 (792 ⌬ATG1), pJY2716 (792 ⌬ATG2), pJY2717 (792 ⌬ATG1/⌬ATG2), pJY2719 (572 ⌬ATG1), pJY2720 (572 ⌬ATG2), pJY2721 (572 ⌬ATG1/ ⌬ATG2), and pJY2718 (807 ⌬ATG2). For the transient transfection assays, site-directed mutagenesis was used to create each of the mutations (ATG to CTG substitutions). The ORFs were amplified using primers to create a 5Ј KpnI site and a 3Ј-FLAG epitope placed 5Ј to the stop codon, preceding a XhoI site. These KpnI/XhoI fragments were subcloned into the pActinP vector, the ORFs resequenced, and named: pJY2801 (792), pJY2802 (792 ⌬ATG1), pJY2803 (792 ⌬ATG2), pJY2804 (792 ⌬ATG1/ ⌬ATG2), pJY2805 (572), and pJY2806 (807). For generating transgenic flies, the 572, 807 and 792 ORFs were subcloned into the CaSpeRhs vector, producing pJY572, pJY806, and pJY807. The inserts were sequenced, and standard procedures were used to make transgenic fly lines in the w iso (CJ1) line. These transgenic lines are referred to as 572, 807, and 792.
In vitro transcription/translation. In vitro transcription templates were prepared by digesting plasmids with SalI (New England Biolabs) followed by gel purification using Qiagen Gel Purification columns (Qiagen). Templates were normalized to 1 g and transcribed with T7 RNA Polymerase (Fermentas). In vitro transcribed RNA was normalized by spectrophotometry and checked by RNase-free agarose gel before translation. DNase-treated, in vitro transcribed RNA (2 g total) was denatured at 65°C for 5 min and plunged onto ice immediately before translation. Translation was performed with Nuclease-treated Rabbit Reticulocyte Lysate (Promega) according to manufacturer's instructions using incorporation of [
35 S]methionine (1200 Ci/mmol at 10 mCi/ml) (GE Healthcare). Translation was terminated after 90 min and products were resolved on a 12% polyacrylamide-SDS gel at 110 V for 120 min. The gel was then electrophoretically transferred to nitrocellulose and analyzed using a Molecular Dynamics Storm 860 with Image Quant 5.2 software (GE Healthcare).
RT-PCR. Three different genotypes of flies [2U (wild-type), 807 and ⌬ATG2] were entrained on a 12/12 h lights on/lights off schedule. Flies were divided into two groups and moved into empty plastic vials containing 3 M paper for climbing. One group was heat shock-induced (HS) in a 37°C circulating water bath for 30 min at ZT ϭ 6; the control group (NHS) was maintained at 22°C for the duration of the heat shock period. Immediately after the end of heat shock (at ZT ϭ 8), both groups of flies were transferred back to vials containing standard food for a 90 min recovery period, after which all flies were transferred into empty plastic vials and immediately frozen in liquid nitrogen. Heads were collected on dry ice and maintained at Ϫ80°C until RNA extraction.
Total RNA was extracted from all groups of heads by homogenizing heads with a Teflon pestle in TRIZOL (Invitrogen) per manufacturer's instructions. Total RNA was reextracted using acidic phenol, pH 4.5, and precipitated with GlycoBlue (Ambion). Total RNA concentrations were quantified by spectrophotometry using the NanoDrop (ThermoScientific) and diluted to standard amounts for blotting and RT-PCR. Nanodrop was used to quantitate the amount of mRNAs.
RT-PCR was performed using primer pair T2 (5Ј GATTCTCCAGGC ACTTGATGTACTCC 3Ј) /B6 (5Ј GCCGTCGTACAATAAGATCTTC ACC 3Ј). B6 was used as a dCREB2-specific primer for reverse transcription; RT-PCR was performed with 25 ng of total RNA from each sample with SuperScript III Platinum One-Step Quantitative RT-PCR System (Invitrogen Cat. No. 11732-020) as per manufacturer's instructions. Samples were processed with Platinum Taq alone (Invitrogen) in parallel to verify that samples were free of genomic DNA contamination. Ten percentage of final products were used for quantification by ethidium bromide staining.
Transfection and Schneider cell culture. For transient transfection assays, Schneider cells were seeded at a density of 3.0 ϫ 10 6 cells in a 2 ml volume of medium (source) per 15 mm well of a 6-well plate. Effectine (Qiagen) transfection was performed 8 h later with the addition of 0.5 g of each respective plasmid DNA, and cells were incubated at 25°C for 48 h. Cells were harvest by centrifugation and resuspended in 100 l of 1ϫ Laemmli buffer. The samples were then boiled for 5 min at 95°C and 10 l was analyzed by Western blot using the polyclonal anti-Flag antibody (Sigma-Aldrich).
Extract preparation. All extracts used for immunoprecipitation, Western blotting, and electrophoretic mobility shift assays (EMSA) were prepared from isolated fly heads. Rapid freezing in liquid nitrogen was used to kill the flies. Frozen flies were vortexed to sever heads, which were isolated via filtration through a 710 micron sieve. Isolated heads were homogenized using a motorized Teflon tissue homogenizer in HB buffer (15 mM HEPES, pH 7.5, 10 mM KCl, 5 mM MgCl 2 , 0.1 mM EDTA, 0.5 mM EGTA, 1 mM DTT, 1 mM PMSF) supplemented with Roche Complete Protease Inhibitors (Roche Diagnostics). For homogenates prepared from heat-shock induced lines, flies were exposed to a 60 min heat-shock at 37°C (in an air incubator) and then returned to 25°C for a 2 h recovery period before harvest.
Antibodies and Western blotting. The top of Figure 1A shows a diagram of the epitopes of the different antibodies that were used in this study. The following antibodies are used in this report: anti-CREB antibodies C21 (SC-186), 24H4B (SC-271), and X12 (SC-240), and are all from Santa Cruz Biotechnology. The C21 antibody was raised against a peptide from the bZIP region of human CREB that is 89% identical to the corresponding stretch of amino acids in dCREB2 (M. DeGiovanni, personal communication) (Santa Cruz Biotechnology). X12 and 24H4B were raised against the last 73 aa of the human CREB protein (Santa Cruz Biotechnology). This includes the bZIP domain, which is identical between dCREB2 and CREB in 45 of the 49 residues, with neutral changes in 2 out of the 4 nonidentical amino acids. For Western blotting, C21 was used at a dilution of 1:1000. The dCREB2-specific monoclonal antibody ␣657 was raised in mouse against purified, recombinant dCREB2-b protein, and has been previously described (Belvin et al., 1999; Horiuchi et al., 2004 ) and used at a dilution of 1:50 for Western blotting. Rabbit polyclonal antibody ␣Ab8 was generated against the dCREB2 bZIP peptide NH 2 -RKREIRLQKNREAAREC-COOH, which was conjugated to keyhole limpet hemocyanin using an Imject Immunogenic EDC conjugation kit (Pierce) before immunization. The peptide was cross-linked to agarose beads in a column (AminoLink immobilization kit, Pierce). Ammonium sulfate cuts (25%, then 50%) were performed on total sera. The pellet was resuspended in PBS and dialyzed into PBS before binding it to the peptide column. The antibody-containing fraction was eluted from the column using a low pH buffer (100 mM glycine, pH 2.5), neutralized, dialyzed against PBS, and stored in PBS ϩ 10% glycerol at Ϫ80°C. It was used at a 1:500 dilution for Western blotting. Rabbit polyclonal antibody ␣C-term was raised against the dCREB2 C-terminal peptide NH 2 -ELKSLKELVCQTKND-COOH, which was conjugated to keyhole limpet hemocyanin using an Imject Immunogen EDC conjugation kit (Pierce) before immunization. The subsequent steps were identical as those for ␣Ab8, except antibodies were affinity purified by passage through a dCREB2 C-terminal peptide antigen column. The ␣ATG2 antibody was made commercially (Yenzym), using a peptide that contained residues downstream of ATG2 as the immunogenic peptide. The peptide was conjugated and injected into rabbits. Antiserum was partially purified using a two-step procedure. A second peptide that contained residues both N-and C-terminal to ATG2 was used to make a peptide column, and the antisera from different rabbits were passed through this column. The flow through from this first column was then applied to a second affinity column that contained the immunogenic peptide conjugated to resin. The bound protein was eluted and used at a 1:1000 dilution for Western blotting. For tissue culture-based experiments, polyclonal antiFlag (Sigma-Aldrich) antibody was used at a dilution of 1:3000 to detect Flag epitope-tagged CREB proteins. Standard molecular biology procedures for Western blotting were performed with ECL detection using the Supersignal West Pico Chemiluminescent Substrate Kit (Pierce).
Immunoprecipitation. The following antibodies were used for immunoprecipitation reactions: ␣C21, ␣657, 24H4B, and X12. For each independent IP reaction, 100 l of head extract (ϳ100 -150 g of protein) were prepared from wild-type and transgenic fly heads, and incubated with 1 l of the specified anti-CREB antibody with rotation at 4°C for 60 min. Protein A-Agarose (Sigma-Aldrich), or protein G-Sepharose (Genscript) resins were used to precipitate CREB-containing complexes isolated using monoclonal or polyclonal CREB antibodies, respectively. For each reaction, 12.5 g of resin was added to the extracts containing the specified antibody, and allowed to incubate with rotation for 4 h at 4°C. Antibody-bound resins were then isolated by centrifugation at 1000 ϫ g for 5 min, and washed five times in buffer D50 (20% glycerol, 20 mM HEPES, pH 7.0, 50 mM KCl, 0.2 mM EDTA, 3 mM DTT, 0.05% Tween 20, and 0.5 mM PMSF). After the final wash, the resins were aspirated and resuspended in 40 l of Laemmli protein buffer and heated for 10 min at 95°C. The immunocomplexes were resolved on a 12% SDS-PAGE gel, and analyzed by Western blotting.
EMSA. Electrophoretic mobility shift assays were performed using 32 P-labeled DNA probes. The PKM-CRE probe was amplified using PCR off of the genomic Drosophila aPKC sequence corresponding to intron C, and was subcloned creating pJY2300. The PCR primers for amplification of the PKM-CRE probe is 5Ј-TGTACACGCCCATAGATT-3Ј and 5Ј-TAGAATCCGATCCAGAGT-3Ј. The PKM CRE probe is 126bp with the CRE element centered (underlined) and flanked at both ends by endogenous PKM promoter sequences: 5Ј-TGTACACGCCCATAGATTACTC AGTTTTTCTTTTTATAGAACTGTAATATTTATAAACTAATGACGT AATAATGAGCAGATAGTAATTTACTTTCTCTACTGATTAGCAT TGGAAATTAAAGCATT-3Ј. Double stranded PCR templates were isolated by electrophoresis on 0.8% agarose followed by band excision and purification via QiaQuick (Qiagen). The PKM-CRE template was then end-labeled with ␥ 32 P-ATP using T4 PNK for 60 min at 37°C. Free unincorporated 32 P ATP was removed by passage through a G50 column (GE Healthcare). The labeled double stranded probe was then separated on a 4% TGE ϩ 2 mM MgCl 2 gel. After positive identification via autoradiogram, the double stranded PKM-CRE probe was excised from the gel, and eluted overnight in TBE. The CPM per microliter of probe was determined by scintillation count, and 10K CPM was used in each EMSA reaction.
Protein and DNA probes were incubated for 1 h in EMSA Binding Buffer (12 mM HEPES pH 7.9, 4 mM Tris Cl pH 7.9, 1 mM EDTA, 12% glycerol, 1 mM DTT, 5 mM MgCl 2 , 60 mM KCl, 1 mg/ml BSA, and 0.4 mg/ml poly dIdC), followed by product resolution on a 4.5%TGEϩ2 mM MgCl 2 gel. For supershift experiments, 1-3 l of each corresponding antibody was added to the EMSA binding reaction.
Luciferase reporter assay. Wild-type 2202U, 572, and 807 flies were crossed to the 3ϫCRE-luciferase reporter flies (Belvin et al., 1999) . For each line, 20 trans-heterozygous offspring were collected from the mating and placed into vials containing standard media. Flies were then entrained to a 12/12 h light/dark cycle for 72 h at 25°C. At ZT11 of the fourth day, all animals were transferred to a 37°C air incubator for 60 min to induce protein expression, and immediately returned to 25°C to recover. Material for the initial time point was collected before the temperature shift at ZT11 and then again directly preceding the 60 min induction period. Additional samples were collected at 30 min intervals following the end of heat shock. For each time point, collected flies were flash frozen into liquid nitrogen, followed by head isolation and extract preparation in standard HB buffer as described above. Total protein concentration of each extract was measured using the Bio-Rad AC DC protein assay kit and UV spectrophotometry. Protein concentration between samples was normalized and equivalent amounts of protein were used in each luciferase reaction. Luciferase activity was measured manually using the Bright-Glo Luciferase Assay (Promega). Activity was measured within the linear range of luciferase activity (1 ϫ 10 4 to 1 ϫ 10 6 ) and signals were standardized to 100 Relative Luciferase Units (RLU) at t ϭ 0. The experiment was performed in triplicate for each time point, and the data were imported into EXCEL for analysis.
Sequence alignment and phylogenetic map. Genomic sequences for D.
, and D. grimshawi (dgri_GLEANR_2152) were accessed from Flybase (www. flybase.org). mRNA transcripts were assembled according to splice site predictions using the Berkeley Drosophila Genome Project prediction program for splicing and translated into the corresponding protein sequence. Alignment was performed using ClustalW2, and annotated in Microsoft Word. A standard phylogenetic tree of Drosophila species was used.
Olfactory memory. Flies were trained using the olfactory-avoidance conditioning paradigm (Tully and Quinn, 1985) modified to enable automated repetitive training . 3-octanol and 4-methylcyclohexanol were used as the odorants. A single training trial consists of a 90 s exposure to ambient air; 60 s of electric shock (the unconditioned stimulus) delivered as 70 V pulses lasting 1.5 s and administered every 5 s (12 total) accompanied by simultaneous exposure to one odor (the conditioned stimulus, CSϩ); 45 s of ambient air exposure to clear the first odor; 60 s of exposure to the second odor, with no shock (the CSϪ condition), and 45 s of ambient air to clear the second odor. Three cycles of massed training consists of three individual trials done consecutively with no intertrial interval. Testing was done by placing flies in a choice point and allowing them to decide between the CSϩ and CSϪ stimuli for 2 min. The performance index ϭ (the number of flies making the correct choice) Ϫ (the number of flies making the incorrect choice/ total number of flies, multiplied by 100. To avoid odor-avoidance biases, we calculate the performance index of each single N by taking an average performance of two groups of flies, one trained with 3-octanol as CSϩ, the other with 4-methylcyclohexanol. In all behavior experiments, n ϭ 8. Training is conducted under red light, at 25°C and ϳ50% humidity.
Heat-shock induced flies were placed in empty vials containing a 6 cm strip of 3M Whatman filter paper to assist in moisture absorption. The vials were submerged into a water bath so that the bottom edge of the foam plug inside the vial was below the water line. After 30 min, they were removed and the flies were transferred to food-containing vials. 572 transgenic flies, which induce less 28 kDa protein than 807, were induced using a 25°C to 37°C shift, while 807 transgenic flies were only shifted to 34°C. All flies used for behavior were raised on a glucose-enriched food, while other flies were raised on a standard cornmeal/molasses medium.
Courtship conditioning. The training conditions used in this study have been described previously in the study by Sakai et al. (2004) . Mated wild-type female flies were prepared 2 h before they were used to condition male flies. Three-to five-day-old virgin males were placed with a wild-type, premated female (3-5 d old) in a conditioning chamber (15 mm in diameter ϫ 5 mm depth, made of transparent acrylic plastic) containing food for 5 h. The chamber was either heat-shock induced, or not, for the entire 5 h period. Heat-shock induction consisted of an hour-long incubation at 28°C, followed by 3 h at 30°C and a final hour at 28°C. The nonheat shock incubation consisted of 22°C incubation for 5 h duration. The humidity for all flies was kept constant at 70%. Following training (exposure to the mated female), the conditioned male flies were placed in food-containing vials at 22°C and 70% humidity until the time of testing, which occurred 15 min or 3 d after the end of training. For testing, a freeze-killed, 3-5-d-old virgin female was used as the target. All testing sessions lasted 10 min and were recorded using Logitech Portable Webcam C905. A blind observer scored courting behavior for each individual from the video. A courtship index (CI), defined as the percentage of time spent in courtship behaviors during the 10 min testing session, was calculated. In the untrained condition, a virgin male fly was placed in the conditioning chamber without a premated female fly and exposed to heat shock for 5 h. Figure 1 shows the various open reading frames (ORFs) that are used in this report (see Materials and Methods for details). To determine what proteins are made off of various ORFs, including the one originally used for cellular and behavioral analyses (Yin et al., 1995a, b) , different DNA templates are used for in vitro transcription, and the resulting mRNA is translated in rabbit reticulocyte extracts. The products are separated on Laemmli protein gels and visualized using autoradiography. The bottom panel of Figure 1B shows that nearly equivalent amounts of mRNA were programmed into reticulocyte lysates for the different reactions. Therefore, the quantitative differences in protein levels are due to posttranscriptional processes, primarily translation initiation.
Results
All of the different ORFs are capable of initiating translation at an intact ATG2 codon. In the absence of programmed mRNA (Lane 10), there is very little background protein produced. When 792 is used as the template for in vitro transcription, and the resulting mRNA is added to the reticulocyte extract, two prominent molecular species of ϳ40 and 28 kDa (Lane 1) are produced. Mutating ATG1 on this template (792/⌬ATG1, an ATG-to-ATT change, Lane 3), eliminates the 40 kDa species, and increases the synthesis of the 28 kDa one. Altering ATG2 (792/ ⌬ATG2, an ATG-to-ATT substitution, Lane 2) eliminates the 28 kDa form. If both ATG1 and ATG2 are replaced with ATT (792/ ⌬ATG1, 2, Lane 4), neither protein is made. These results indicate that the 40 kDa protein initiates from ATG1, while the 28 kDa one starts from ATG2. When 572 is expressed in reticulocyte lysate, only the 28 kDa protein is made (Lane 5), and mutation of ATG2 prevents its synthesis (572/⌬ATG2, Lane 7), while removal of ATG1 (572/⌬ATG1, Lane 6) has no effect. Therefore, the 572-encoded 28 kDa protein also initiates from ATG2. If a deletion is made that removes the sequences from ATG1 to just upstream of ATG2, thus forcing translation to start at ATG2 (807, Lane 8), there is high-level expression of a 28 kDa protein. This protein starts from ATG2, since mutation of ATG2 (807⌬ATG2, Lane 9) inhibits its synthesis. Therefore, 792, 572, and 807 all produce an ϳ28 kDa protein, which initiates from ATG2.
To corroborate the in vitro expression analysis, epitope (FLAG)-tagged versions of various ORFs were placed in an expression vector downstream of the pActin promoter, and the plasmids are transfected and expressed in S2 cells. Western blots probed with a FLAG-specific antibody are used to assess protein expression, and the results are shown in Figure 1C . Transfection of the pActin blank vector produces low-level expression of nonspecific protein species due to antibody cross reactivity (Mock, Lane 1). When 792 is transfected, it expresses a protein isoform of ϳ40 kDa (labeled 40 [792], Lane 2). This species initiates from ATG1, since mutation of that codon (an ATG-to-CTG change) greatly diminishes its abundance (792/⌬ATG1, Lane 3). In addition, mutation of ATG1 unmasks the synthesis of a 28 kDa protein band (labeled 28 [572/807], Lane 3). This 28 kDa isoform initiates from ATG2, since mutation of that codon decreases its levels (Lanes 3 and 4). As expected, mutating both ATG1 and ATG2 (ATG-to-CTG substitutions) prevents expression of both proteins (792/⌬ATG1, 2, Lane 5). These results show that the 40 and 28 kDa species initiate from ATG1 and ATG2, respectively. When the 572 ORF is tagged and expressed, it makes a 28 kDa protein band (572, Lane 6). This indicates that mRNAs that contain the upstream sequence rearrangement and (resulting stop codon) can still initiate translation from ATG2 in transfected cells. When 807 is transfected, it produces an identically sized 28 kDa protein (Lane 7). Therefore, whether the template is 792, 572, or 807, ATG2 can be used in reticulocyte lysate or transfected cells to generate a protein of ϳ28 kDa. In both reticulocyte lysate and transfected cells, ATG1 (if present) is used to produce a 40 kDa protein. When both ATG1 and ATG2 are present, translation favors the usage of ATG1 in cells, while the lysate system is more promiscuous, and both proteins are made.
Historically, it has been difficult in fly extracts to detect the truncated protein that initiates from ATG2. However, a recently developed ATG2-specific antibody (see Materials and Methods) detects a protein whose mobility is consistent with translation initiation from ATG2. Figure 1D shows Western analysis of total head extracts from wild-type (w 1118 iso [CJ1] referred to as 2202U or 2U), 807, or 572 flies probed with this antibody. The top and middle panels were probed with this ATG2-specific antibody, and are different exposures of the same gel. In the top panel (short exposure), induction of 807 produces a prominent 28 kDa species (see marker at left; Lane 4). Induction of 572 flies also produces a protein band of similar mobility, but visualization of this protein requires a longer exposure of the same section of the Western blot (Lane 6, long exposure, middle panel). The longer exposure also shows that there is an endogenous protein species of nearly identical mobility that appears in all lanes, including those from wild-type (nontransgenic; Lanes 1 and 2) and uninduced, transgenic flies (Lanes 3 and 5). The samples in each Lane on the blot are equivalent in levels, since reprobing this blot using the 657 (monoclonal) antibody produces equal levels of the 40 kDa species (bottom panel). These data show that the 28 kDa isoform is an endogenous dCREB2 protein species present at low basal levels in all flies, and that it is induced in both transgenic flies. It is likely that this protein initiates from ATG2 in all situations. Taken collectively, these data supports the conclusion that both 572 and 807 increase expression of a protein that is weakly present in all flies.
Characterizing the ATG2-initiated protein
The data in Figure 1 show unequivocally that translation initiation can begin at ATG2 in vitro, in transfected cells, and in transgenic flies, whether an upstream sequence rearrangement (and accompanying stop codon) exists or not. Could this protein be responsible for the behavioral enhancement that we originally reported? To answer these questions, it is necessary to determine whether the ATG2-initiated protein can function as a CREdependent transcriptional activator. Figure 2A shows the time course of 807 expression in extracts from transgenic flies. The induced protein is detectable 1 h after the end of heat-shock induction, and persists for at least 4 h. We speculate that the induced 28 kDa protein species may be modified over time, resulting in a protein that migrates above 30 kDa (Lane 4).
Do the 572-and 807-encoded proteins bind CRE-containing DNA probes? Figure 2B presents in vitro electrophoretic mobility shift assays (EMSAs or DNA gel shift reactions) using a CREcontaining probe and head extracts from wild-type or transgenic flies. For each of three flies (wild-type, transgenic 572 and 807), head extracts were analyzed using four different conditions [ϩ/Ϫ induction and ϩ/Ϫ the ␣657 antibody included in the reaction (in a "supershift" experiment)]. The wild-type head extract contains probe-binding activity (Lane 2), and these complexes contain dCREB2 protein, since they are supershifted (have slower mobility) in the presence of the 657 antibody (compare Lanes 2 and 8). Binding activity increases for extracts from 572 and 807 flies in an induction-dependent manner (compare Lanes 3 with 6 for 572, Lanes 4 with 7 for 807). All of these complexes contain dCREB2 protein, since the complexes supershift in the presence of the antibody (Lanes 2-7 versus Lanes 8 -13). Collectively, the data in Figures 1D and 2B support the conclusion that the 572 and 807 transgenic flies make identical proteins with nearly identical DNA binding activity, and the activity increases upon transgene induction. These data also shows that there is a very similar endogenous protein and DNA binding activity.
To extend this analysis one step further, the DNA-protein complexes are characterized using a larger scale version of an analytical protocol (Demczuk et al., 1993) . The complexes are isolated from a preparative EMSA gel, the protein is allowed to elute from the gel slice and analyzed using Western blots probed with the ␣C21 antibody. Figure 2C shows that the 807 elution contains a cluster of different dCREB2-specific protein bands in the 26 -35 kDa range, denoted with a bracket and an asterisk (Lane 3). In addition, the doublet (which contains the dCREB2-b blocker isoform) is also eluted from the gel fragment. The 572 eluate contains the most prominent bands that are detected in the cannot detect any bands in the wild-type eluate (Lane 1). Therefore, the DNA binding complexes found in the 572 and 807 extracts are very similar in their molecular content, and upon induction, contain more dCREB2-mediated binding activity than the wild-type extract.
The previous data show that 572 and 807 encode identical proteins that have very similar DNA binding properties. Do both of these transgenes make an activator protein? To answer this question, we use the previously described CRE-luciferase transgenic fly, a reporter of CRE-and dCREB2-dependent transcription (Belvin et al., 1999) . The 572 and 807 transgenes, as well as the wild-type control, are crossed into the CRE-luciferase fly to test the function of the transgene-encoded proteins. The transgenes are induced (25°C to 37°C temperature shift for 30Ј), or not, and luciferase activity is measured in vitro. Figure 2D shows transcription activity plotted as a function of time. There is an increase in luciferase activity for both 572 and 807 beginning almost immediately after the end of the heatshock, but the kinetics of this activation differ. The 807 transgene shows a faster and greater increase in the amount of stimulation. However, all increases in luciferase are short-lived, with the 807 peak lasting ϳ120Ј maximum, and the 572-mediated increase persisting for ϳ60Ј. The short-lived increase in activity is surprising, since the induced 807 protein appears to be stable for many hours ( Fig. 2A) . This "permissive interval" for transcriptional activation of 572 is even shorter-lived. The data in Figure 2A -D show that 807 and 572 express identical proteins, that these proteins bind CRE sites in a nearly identical manner, and that they function as transcriptional activators in vivo. Therefore, these transgenes are essentially identical except that 807 produces more activator protein when induced.
Endogenous dCREB2 activator
The induced protein band in 572 and 807 transgenic flies has a similar mobility to an endogenous 28 kDa "background" band that is recognized using a dCREB2-specific antibody (Fig. 1D ). To determine whether this endogenous band is made from dCREB2, different dCREB2-specific antibodies were used for immune-precipitation experiments from wild-type head extracts. Figure 3A shows that wild-type head extracts contain a 28 kDa dCREB2-encoded protein species. When a wild-type head extract is compared with one from S162 flies, a number of unique protein species are visualized, including the doublet that migrates ϳ40 kDa, and a cluster of protein bands that migrate in the 22-35 kDa range. These are all absent in the S162 mutation, since it contains a stop codon in the dCREB2 ORF (Hendricks et al., 2001 ). Strip- Figure 2 . Induction of 807 and 572 produce a 28 kDa protein with identical activities. A, Time course of 807 inducible expression in head extracts. 807 transgenic flies are heat shock induced (room temperature to 37°C for 30Ј), or not, and equal amounts of total protein are separated using SDS PAGE. The proteins are transferred and probed using the ␣C21 antibody. B, The 572 4 and 807 transgenic flies increase dCREB2-containing CRE-binding activity in an inductiondependent manner. Head extracts are made from wild-type, 572, or 807 transgenic flies that are heat shock induced (HSϩ), or not (HSϪ), and equivalent amounts of protein are used in EMSA assays using a radioactive CRE-containing probe. The addition of the ␣657 (monoclonal) antibody produces supershifted complexes. C, The EMSA protein complexes from 572 and 807 extracts contain the 28 kDa dCREB2 band. The ␣C21 antibody is used for Western analysis of EMSA complexes that are excised from a preparative gel, eluted, and rerun using SDS PAGE. D, Both the 572 and 807 transgenes transiently activate a CRE-luciferase reporter in vivo. The time course of luciferase activity for progeny flies when wild-type, 572, and 807 flies are crossed with the CRE-luciferase reporter fly, heat-shock induced (INDUCTION), and assayed biochemically is shown. All of the progeny flies contain a single copy of the CRE-luciferase transgene, and either no other transgene (WT), or one copy of 572 or 807. Statistical significance of the dataset was determined via two-way ANOVA, with a p Ͻ 0.001.
ping and reprobing these blots with ␣-prohibitin antibody shows that equivalent amounts of protein are on the two blots, validating quantitative comparisons between them. The S162 extract does contain some truncated protein species, presumably due to the stop codon located at the C-terminal part of the dCREB2-encoded proteins (Hendricks et al., 2001) . Figure 3B shows that multiple, different, dCREB2-specific antibodies recognize some of the same faster migrating species that the ␣657 antibody detects. This immunological data supports the analysis using S162 extracts showing that some or all of these species are dCREB2-specific.
To positively identify at least one of these species, the ␣C21 antibody is used to immunoprecipitate protein out of wild-type head extracts. Protein species in the immune-precipitate are separated using Laemmli gels, and revisualized using the dCREB2-specific monoclonal antibody. Figure 3C shows that ␣657 recognizes a small protein band of ϳ28 kDa in the immune-precipitation reaction (Lane 3), in addition to the 40 kDa doublet. These species are all absent in a control immune-precipitation performed with an antibody directed against the ␤-galactosidase protein (Lane 4). Together, the data in Figures 1D, 2C , and 3A-C3 demonstrate that 792, 572, 807, and the endogenous chromosome all make a 28 kDa protein that initiates from ATG2 that binds to CRE sequences (Fig.  2B-D) .
Another way to assess the importance of ATG2 as an initiation codon is to ask whether it is conserved across different Drosophila species. We analyzed seven of the available genomic sequences, and based on our knowledge of dCREB2 in Drosophila melanogaster, assembled a comparison of the ORFs of the various CREB genes. For simplicity, we have omitted the alternatively spliced exon 2, which is not present in all species (data not shown). Figure 4A shows this comparison. While there are notable regions of total or near total identity (the KID domain in exon 5, the bZIP domains in exon 7), exons 1, 3, and 6 are not as highly conserved. However, ATG2, which resides in exon 3 and is marked with an asterisk, is totally conserved. Figure 4B shows the phylogenetic tree of these Drosophila species, where the two most distant species, D. melanogaster and D. grimshawi, remain highly conserved at the level of amino acid sequence identity (69%) and homology (73%). These Drosophila species are tens of millions of years apart, yet ATG2 is conserved across all of them, arguing for the importance of ATG2.
Is the ATG2 codon functionally conserved across these different species? If so, then the different species should make proteins that migrate ϳ28 kDa, since the length and composition of the dCREB proteins from the various species is almost identical. Figure 4C shows a Western blot of head extract protein from a number of different species probed with the ␣C21. Both the 40 kDa doublet species, which correspond to the dCREB2-a (792) and dCREB2-b protein isoforms, as well as species near 28 kDa, are present. Thus, all of these different species are likely to use the ATG2 initiation codon, arguing for its importance through evolution.
Factors that influence memory enhancement
A few years after the publication of our original study describing memory enhancement, it became increasingly clear that memory enhancement was somewhat stochastic. Once the role of ATG2 became clear, we made the simplest hypothesis that variable enhancement was due to inconsistent protein induction, since translation reinitiation is an inefficient process. The 572 (rearranged) transgene always produces less protein than 807 (Fig.  1B-D) , and it is possible that its induced levels are variable from experiment to experiment, and not always above a threshold quantity to enhance memory formation. However, enhancement using the 807 transgene is also inconsistent (data not shown), despite its consistent high level of protein production.
A related possibility is that the half-life of activity of the induced protein is variable, sometimes lasting long enough to enhance memory formation, but other times not. Our reporter experiments (Fig. 2D) show that the "permissive interval" during which the induced protein activates transcription is much shorter A, A cluster of protein bands, including the 28 kDa isoform, are missing in the dCREB2 mutant S162. Western blot analysis of head extracts from wild-type (2U) and the CREB-null mutant, S162, indicates a loss of the 28 kDa CREB isoform (*). For each line, 30 g of head extracts were fractionated on a 12% SDS-PAGE gel, blotted onto a nitrocellulose membrane, and probed with ␣CREB657 monoclonal antibody. ␣Prohibitin antibody was used at 1:50 to monitor total protein content in each sample. B, Multiple antibodies recognize a 28 kDa protein band in extracts from wild-type flies. Western blot analysis of equivalent amounts of protein from wild-type flies probed with different antibodies. C, The ␣C21 antibody immunoprecipitates a 28 kDa protein from wild-type head extracts. Blank (MOCK IP), ␣C21, or a control (␤-galactosidase) antibody is used for immunoprecipitation reactions from equivalent amounts of total adult head protein. Immunoprecipitates are reseparated using SDS PAGE and Western blotted using the ␣657 antibody.
than the persistence of the protein itself (Fig. 2, compare A, D) . A related, but more complicated possibility is that the window of activity for other signaling pathways that are needed for memory formation is complex (Philips et al., 2007; Liu et al., 2011) . To test these hypotheses, we systematically varied the interval between the end of transgene induction and the beginning of behavioral training (the "temporal window"). Different groups of 807 transgenic flies were induced, or not, allowed to recover for varying amounts of time, trained, and tested for 1 d memory. Figure 5A shows the results of this titration. Uninduced 807 flies do not have significant 1 d memory after three cycles of massed training. However, there is a temporal window (60 -120Ј) during which behavioral training can use the induced protein and produce 1 d memory. Intervals shorter than 60Ј, or longer than 120Ј, do not result in enhancement of 1 d memory. Although we have not systematically optimized the temporal window for the 572 transgene, the 90Ј interval that works for 807 also can result in C28-mediated enhancement of 1 d memory (Fig. 5B) . C28 is the name of the original 572 line used for behavioral enhancement. These results show a correlation between the permissive interval for transcription and a temporal window for behavioral enhancement, and suggest that under certain experimental conditions, the timing between the end of induction and the beginning of behavioral training can influence enhancement. dCREB2 transcriptional activity has been shown to be under the control of the circadian system, with peaks of in vivo activity during the daytime and early nighttime (Belvin et al., 1999) . Therefore, it is possible that the natural oscillation in dCREB2 activity affects memory enhancement, since training time is not usually carefully controlled. If either of two 807 transgenes (1M or 2M) are induced at ZT ϭ 11, and the flies are trained with three cycles of massed training at ZT ϭ 13, there is behavioral enhancement that produces 4 d memory (Fig. 6A) . Induction of the same transgenes at ZT ϭ 6 does not enhance memory formation. Memory enhancement can also occur if flies only receive a single training trial, recapitulating our original results (Fig. 6B) . These data show that the time of behavioral training is another parameter that can influence enhancement of memory formation.
To test whether behavioral enhancement is dependent upon ATG2, we have changed this codon to ATT, and made heat-shock inducible transgenic flies (referred to as ⌬ATG2). Figure 6C shows that the 807 transgene produces robust 24 h memory while the mutant transgene does not. Inducing the transgene, or not, does not affect the task-relevant peripheral controls, olfactory acuity, and shock reactivity (data not shown). Therefore, the effect on memory is attributable to the association of odor and shock, and not their perception. We have compared the levels of RT-PCR amplified products from wild-type, 807, and ⌬ATG2 transgenic flies. Since detection of the RT-PCR product requires reverse transcription before PCR amplification (compare Lanes 1-6 vs 7-12), the amplified products result from RNA amplification rather than from contaminating chromosomal DNA. Figure  6D shows that extracts from both induced transgenes result in roughly equivalent amounts of amplified product (compare Lanes 8 and 10), implying that they had similar amounts of starting mRNA template. The uninduced transgenic extracts (Lanes 7 and 9), as well as the wild-type extracts (Lanes 11 and 12) show a similar, very low level of amplified product. These presumably represent the levels of amplifiable mRNA that is made from the endogenous dCREB2 locus. These data supports the conclusion that the differences in protein levels between induced 807 and induced ⌬ATG2 is likely attributable to differences in the efficiency of translation initiation.
Enhancement of courtship suppression
To further demonstrate the ability of the ATG2-initiated protein to enhance memory formation, we turned to another behavioral assay. Experience-dependent courtship suppression is a well established paradigm used to assess learning and memory in Drosophila (Ejima and Griffith, 2011) . Upon exposure to a virgin female fly, naive males display a series of complex, stereotypical behaviors that lead to mating. Virgin females respond by mating, but premated females will not be receptive, displaying a different repertoire of behaviors and emitting a different pheromonal profile. A virgin male exposed to a premated female for 1 h ("training") will display suppressed courtship behavior when placed with a naive female ("testing") up to 3 h after training (Siegel and Hall, 1979) . The exposure time between the naive male and premated female can be modulated to produce shorter or longerlasting memories.
Naive males were placed with premated females for 5 h, and tested for 3 d memory using naive females (Sakai et al., 2004) . The CI is defined as the fraction of time the male engages in courting behaviors during the testing period. Higher CI values correspond to increased courting behavior, and therefore represent poor memory for prior training, whereas a low CI indicates courtship suppression and enduring memory of the training.
When a control transgenic fly is induced, or not, its courtship index 3 d after training is very high, consistent with poor memory (Fig. 7A) . This fly contains a transgene that is unrelated to dCREB2 protein production, but is made in the same genetic background. When the 807 transgene is induced during training, courtship suppression is very strong 3 d after training, consistent with enhanced memory. Its courtship index is significantly lower (better memory) than the performance in uninduced 807 flies, or in control flies whether induced or not. To show that this effect occurs on memory formation and not learning, we assessed the courtship index immediately after the end of training (Fig. 7B) . Whether the 807 transgene is induced, or not, flies show strong courtship suppression when assayed immediately after training, and there is no statistically significant difference between these two treatments. This immediate learning is training-dependent, since a control, untrained (but induced) 807 group does not show any immediate suppression. Together, these data suggest that the induction-dependent effect of 807 on 3 d memory is not due to an effect on learning. Finally, to show that enhancement requires protein that initiates from ATG2, we assayed courtship suppression in 807 versus ⌬ATG2 transgenic flies. The data in Figure 7C show that in the 807 fly, there is induction-and training- Figure 5 . A temporal window constrains memory enhancement. A, 807-mediated memory enhancement has a temporal window. Different groups of 807 transgenic flies are heat shock (25°C to 34°C for 30Ј) induced (ϩ), or not (Ϫ), transferred to food-containing vials, and allowed to recover for varying amounts of time (shown on the x-axis), trained with 3 cycles of massed training (3ϫM), then returned to food-containing vials, and tested for 24 h memory. Error bars represent SEM, and the asterisk indicates statistical significance (**p Ͻ 0.01) using Student's t test. N ϭ 8 for all groups, except ϩ/ϪHS 30Ј, and ϩ/ϪHS 90Ј, for which N ϭ 16. B, 572-and 807-mediated memory enhancement. Transgenic 572 (the original C28 line) or 807 flies are heat-shock induced (ϩ), or not (Ϫ), allowed to recover for 90Ј, trained with a single cycle of training (1ϫ), or 3 cycles of massed training (3ϫM), and tested for 24 h memory. To equalize induced expression, the 807 flies are induced using a weaker heat-shock regimen (25°C to 34°C for 30Ј) than the one used for the 572 (C28) line (25°C to 37°C for 30Ј). Error bars represent SEM, and the asterisk indicates statistical significance (*p Ͻ 0.05, **p Ͻ 0.01) using Student's t test. N ϭ 8 for all groups.
dependent enhancement of courtship suppression that requires ATG2. Repeated experiments using this assay produce similar results, showing that enhancement is consistent (data not shown).
Taken all together, our molecular and behavioral data show that the original 572 transgene encodes a short protein which is able to enhance memory formation. The 807 transgene produces an identical protein, and both of these proteins are transcriptional activators. Most importantly, induction of 807 enhances memory formation using both the olfactory avoidance and courtship suppression assays.
Discussion
For many years, we have focused on two questions. What is the identity of the molecule that allows 572 to enhance memory formation? Why is behavioral enhancement inconsistent? In this report, we have shown that a 28 kDa protein initiates from the internal ATG2 codon, that it functions as a CRE-dependent transcriptional activator both in vitro and in vivo, and is responsible for our original report of memory enhancement. Although ATG2 is infrequently used, and the resulting protein is expressed at low levels, its existence has been shown using multiple antibodies and different two-step enrichments (EMSA supershifts and Western identification of proteins on EMSA complexes).
The ATG2 codon is also used on endogenous dCREB2-encoded mRNAs, since all of the sequenced dCREB2 cDNAs contain ATG1 and ATG2 on the same molecule (Yin et al., 1995b) . Interestingly, internal translation initiation is also used on both of the mammalian CREM (Delmas et al., 1992) and CREB genes. "Intronic" or internal ATGs can become positioned to be the first start codons through alternative promoter usage and alternative splicing. The mammalian CREB ␤ isoform is a minority species that becomes upregulated upon deletion of the ␣ and ⌬ isoforms (Blendy et al., 1996) . We have not characterized the transcriptional regulation of the dCREB2 gene, so it is possible that ATG2 is the first initiation codon on a minor, currently uncharacterized, dCREB2 transcript.
A number of related issues have complicated molecular analysis of dCREB2-encoded protein isoforms, and are likely to be relevant in the characterization of these proteins in all species. First, the number and variety of posttranslational modifications that occur on dCREB2-encoded proteins is large. The KID region contains up to 7 phosphorylation sites, and other modifications, including O-GlcNac glycosylation, SUMOylation, ubiquityla- Figure 6 . The time of day affects memory enhancement. A, The time of induction and training affect memory enhancement. Transgenic flies carrying either of two independent insertions of 807 (Lines 1 and 2) are entrained on a strict 12/12 h light/dark schedule. Different groups of flies are heat shock induced (ϩ), or not (Ϫ) for 30Ј (25 to 34°C) beginning at either ZT ϭ 6 or ZT ϭ 11, allowed to recover for 90Ј, trained with 3 cycles of massed training, returned to circadian cycling conditions, and tested for 4 d memory. Since heat shock lasts 30 min, and the 4 flies are allowed to recover for 90 min, training begins at either ZT ϭ 8 or ZT ϭ 13. Error bars represent SEM, and the asterisk indicates statistical significance (***p Ͻ 0.001) using Student's t test. N ϭ 8 for all groups. B, Memory enhancement can result after a single cycle of training. Transgenic 807 flies (Line 2) are entrained on a strict 12/12 h light/dark schedule. Different groups of flies are heat shock induced (ϩ), or not (Ϫ), for 30Ј (25 to 34°C) beginning at ZT ϭ 11, allowed to recover for 90Ј, trained with a single cycle of training (1ϫ), and tested for 4 d memory. Error bars represent SEM, and the asterisk indicates statistical significance (***p Ͻ 0.001) using Student's t test. N ϭ 8 for all groups. C, Memory enhancement is ATG2-dependent. Transgenic 807 (Line 2) and ⌬ATG2 flies are entrained on a strict 12/12 h light/dark schedule. Flies are heat shock induced (ϩ) for 30Ј (25 to 34°C) beginning at ZT ϭ 11, allowed to recover for 90Ј, trained with a single cycle of training (1ϫ), and tested for 1 d memory. Error bars represent SEM, and the asterisk indicates statistical significance (*p Ͻ 0.05) using Student's t test. N ϭ 8 for all groups. D, The 807 and ⌬ATG2 transgenic flies induce equivalent amounts of dCREB2 mRNA. Total head RNA is collected from three different flies (807, ⌬ATG2 or wild-type) that were exposed to one of two treatments [heat shock induction (ϩ) or not (Ϫ)]. Each individual sample (of the 12 total) underwent RT-PCR (Lanes 7-12) or PCR only (Lanes 1-6), and the products were separated on an agarose gel and visualized using ethidium bromide staining.
tion, and cysteine oxidation and/or nitrosylation, occur elsewhere on CREB proteins (Gonzalez et al., 1989; Goren et al., 2001; Comerford et al., 2003; Lamarre-Vincent and HsiehWilson, 2003; Riccio et al., 2006) . These posttranslational modifications can dramatically affect the apparent mobility of protein species, and make it difficult to determine whether Western blots that contain many bands are due to a nonspecific or specific recognition of dCREB2-encoded proteins. A related observation is that these modifications can alter the binding affinity of many of our antibodies (T. Tubon, unpublished observations), suggesting that any given antibody reports a specialized subpool of protein. Finally, the blocker (40 kDa doublet) and activator (22-35 kDa cluster) species seem to be differentially modified (T. Tubon, unpublished observations), further complicating detailed analysis. It is likely that combinations of modifications are used to regulate the complex subcellular localization and activity of dCREB2 protein isoforms.
Various parameters contribute to the inconsistency of memory enhancement. The expression of the 28 kDa protein off of the original 572 transgene is low but detectable. However, this modest level of expression is not responsible for inconsistent enhancement of olfactory avoidance memory, since the 807 transgenic fly (which has consistently higher levels of expression) also sporadically enhances memory formation. Instead, the limited duration of dCREB2-mediated transcriptional activation can place serious timing constraints on the requisite interval between transgene induction and behavioral training (the temporal window). A second temporal parameter is the time-of-day when induction and behavioral training occur. There is a growing awareness that the timeof-day of training can affect memory formation, and this literature highlights the importance of circadian/sleep-related physiological processes and their relationship with the neuroanatomy and molecular machinery of memory formation (Fernandez et al., 2003; Chaudhury et al., 2005; Lyons et al., 2005; Lyons et al., 2006 , Ruby et al., 2008 , Eckel-Mahan et al., 2008 . Careful control of these different timing issues greatly increases the reproducibility of behavioral enhancement using the olfactory avoidance assay. The consistent enhancement of the courtship behavior reinforces the original observation that the 28 kDa protein can enhance memory formation.
Why does 807 enhance memory of courtship suppression reliably, but affects memory of olfactory avoidance less consistently? Comparing two diverse behavioral paradigms is difficult, since there are many parameters that differ. However, we are confident that this type of approach is necessary, and will be useful. We have developed another behavioral paradigm using conditioned place preference (E. Friedman, personal communication). In the place preference behavioral assay, the 807 transgene enhances memory formation consistently, reinforcing our conclusion that the 28 kDa protein can have important effects on memory formation. We are currently trying to determine what behavioral factor(s) differ between courtship suppression and place preference (where we see consistent enhancement) and olfactory avoidance (where enhancement is less consistent). One possibility is that enhancement in flies specifically requires a "behavioral state" that is difficult to control experimentally, and which can be epistatic to the other parameters such as expression levels, activity windows, and the time-of-day of training. This behavioral state appears to be an "all-ornothing" group effect, with all of the flies in a given experiment affected similarly.
Recent work using acute interventions in mice and other systems has shown that increasing CREB activity increases the intrinsic excitability of neurons, while interfering with CREB activity has the opposite effect (Dong et al., 2006; Han et al., 2006; Lopez de Armentia et al., 2007; Viosca et al., 2009; Wallace et al., 2009; Zhou et al., 2009; Cao et al., 2010; Liu et al., 2011; Suzuki et al., 2011) . The CREB-dependent increase in excitability is correlated with memory enhancement, and vice versa. If dCREB2 enhances memory formation partially through affecting the excitability of relevant neurons, then the "excitable state" of those neurons at the time of training might determine whether additional dCREB2 protein has enhancing potential or not (Benito and Barco, 2010). Since excitability is saturable, there (N ϭ 26) . In all figures, **p Ͻ 0.005; ***p Ͻ 0.001, and error bars show SEM. Since the mean courtship index was not distributed normally, the data were analyzed using the Mann-Whitney U test in the Sigma Stat statistical software package (Systat Software).
are two simple outcomes, depending upon the state of the neurons at the time of training. If neurons are more quiescent, dCREB2 induction can increase excitability, and enhancement will occur in response to training (relative to equally quiescent neurons that just receive training). However, if the neurons are already excitable at the time of training, then extra dCREB2 will not have any effect, since excitability is saturable. The pretraining handling and housing of flies differs between various behaviors, and is somewhat variable even with the same behavior. These parameters could affect the baseline excitability of the flies, and indirectly affect enhancement. Our behavioral data are consistent with this view, since enhancement usually becomes significant when the control fly population has lower memory scores, rather than the experimental population having higher memory scores. The effect of the time-of-day on enhancement (Fig. 6 ) also is consistent with this general hypothesis, since excitability is known to vary across the circadian cycle, at least for certain neurons (Cao and Nitabach, 2008; Ko et al., 2009) . We are currently testing this possibility, and its relevance has important implications for the role that dCREB2 plays in memory formation in a non-transgenic fly.
